Electrochemical oxidation of hydroquinone (1a) and 2,3-dimethylhydroquinone (1b) have been studied in the presence of 2-aminophenol (3a) and 2-amino-4-chlorophenol (3b), as nucleophiles in phosphate buffer solution (pH 7.2) using cyclic voltammetry and controlled potential coulometry. We proposed different mechanisms for the electrode process. The products were derived with good yield and purity using controlled-potential electrochemical oxidation of 1a, b in the presence of 3a and 3b at the graphite electrode in an undivided cell.
Regular Article
Electrochemistry is one of the most selective, green, high yield and simple method for synthesis of complex organic compounds that have difficult synthesis routes. 1) In recent years, medicinal properties of phenoxazine derivatives have widely been investigated and were shown to be effective material as antitumor, antileukemia, antimicrobial. [2] [3] [4] In the other hand, phenoxazine derivatives are of considerable interest because of their important and impressive number of applications, e.g. as: biological stains, [5] [6] [7] laser dyes, 8) indicators, 9, 10) and especially as chromophoric compounds in host-guest artificial photonic antenna systems. 11) They have also been used as covalent labeling of biomolecules 12) and for the synthesis of hydrophilic far-red dyes, that were synthesized and applied to detect enzymatic activities of two model proteases, trypsin and leucine aminopeptidase. 13) In addition cationic benzo[a]phenoxazine heterocycles are long-wavelength dyes, which have been used as fluorescent probes in various applications, such as for monitoring hydrophobic surfaces in proteins, lipid stains in membranes and also has been used to study the interaction between the probe and DNA and its application in electrochemical recognition. [14] [15] [16] In this work, we introduce a new approach for the synthesis of new derivatives of phenoxazines (7a, 9b, 6c, d) using 2-aminophenol (3a) and 2-amino-4-chlorophenol (3b) as new nucleophiles.
Results and Discussion
The cyclic voltammogram study of the hydroquinone (1a) solution in phosphate buffer shows one anodic peak A 1 and the corresponding cathodic peak C 1 . These peaks are related to the oxidation of hydroquinone (1a) and corresponding quinone (2a) and vice versa via two electrons, two protons quasieversible reactions (Fig. 1, curve a) . A peak current ratio (I p C1 /I p A1 ) of nearly unity, particularly during the repetitive cycling of potentials may be considered as a criterion for the stability of p-quinone produced at the surface of the electrode under experimental condition. In other words, any hydroxylation [17] [18] [19] [20] [21] [22] or dimerization [23] [24] [25] reaction is too slow to be observed on the cyclic voltammetry time-scale.
The oxidation of 1a in the presence of 3b as a nucleophile was studied in some detail. Figure 1 , curve b shows the cyclic voltammogram obtained for a 1 mM solution of 1a in the presence of 2 mM 3b.
As is obvious, in addition to increase in the current of the A 1 peak, the cyclic voltammogram exhibits a new anodic peak A 2 that overlaps with A 1 and its cathodic counterpart C 2 as well as a decrease in the cathodic peak C 1 . The cyclic voltammogram of a 2 mM of 3b is shown in Fig. 1 , curve c for comparison. The decrease of the cathodic peak current C 1 indicates the reactivity of the electrochemically generated benzoquinone (2a) with 3b in the intramolecular 1,4 Michael addition reaction. The comparison of curves b and c reveal that A 2 and C 2 peak are related to nucleophile 3b. These peaks show that 2-amino-4-chlorophenol was oxidized by a quasi-reversible mechanism in more positive potential than 1a. The reason of the increasing in anodic peak A 1 is the merging of the A 1 and A 2 in one peak with a shoulder and oxidation of the intermediate 4b. Intermediate 4b is oxidized as soon as produced in this potential. 26) It is interesting to note that, in the repeated cycling of the voltammogram (Fig. 2) a new peak A 0 appears and the A 1 peak shifts to more positive potential. The observed peak changes in the cyclic voltammogram of hydroquinone in the presence 3b is probably due to the formation of a thin film of product at the surface of the electrode, inhibiting the electrode performance, the extent of which increased during the repetitive cycling of the potentials 27) (Fig. 2) . In this figure A 0 is related to oxidation of the intermediate 6b. Further more, it was observed that, proportional to augmentation of potential scan rate, the C 1 peak current would be increased (Fig. 3, curves a-f) . In fact the increased peak current ratio (I p C1 /I p A1 ) with scan rate for a mixture of 1a and 3b, appearing as an increase in the cathodic peak C 1 at higher scan rates, confirms the reactivity of 2a with 3b in the intramolecular 1,4 Michael addition reaction.
Controlled-potential coulometry was performed in 100 ml 0.2 M phosphate buffer solution (pH 7.2) containing 0.5 mmol of 1a and 1 mmol of 3b at 0.15 V versus 3 M Ag/AgCl. The electrolysis progress was monitored using cyclic voltammetry. It is shown that proportional to the advancement of coulometry, the anodic peaks decrease. All anodic and cathodic peaks disappear when the charge consumption becomes about 6e
Ϫ per molecule of 1a. At the initial of line, the spectroscopic data ( the amine and hydroxyl group in 3b. A rigorous look at presented mechanism helps us to evaluate the relative nucleophilicity of nucleophiles 3a and 3b. According to our results in both mechanisms, it seems that the Michael addition reaction of 3a and 3b to p-benzoquinone 2a (Charts 1, 2, Eq. 2) is faster than other secondary reactions, lead to intermediates 4a and 4b. The oxidation of these compounds (4a and 4b) is easier than the oxidation of the parent-starting molecule 1a by virtue of the presence of an electron-donating group. 28) According to Charts 1 and 2 it seems that after this step, there is a competition between intramolecular and intermolecular Michael addition reactions. When 3a was used as a nucleophilie, intramolecular, Michael addition produce intermediate 6a (Chart 2, Eq. 4) and the final product 7a which is a phenoxazine derivative was obtained via the overoxidation of the intermediate 6a (Chart 2, Eq. 5). But in the presence of 3b as a nucleophile intermolecular Michael addition of 3b to 5b (Chart 1, Eq. 3) and overoxidation of resulting intermediate 6b following by cyclization and elimination of tow The electrochemical oxidation of 2,3-dimethylhydroquinone 1b in the presence of 3a in 0.2 M phosphate buffer solution (pH 7.2) was studied too. Figure 5 shows the voltammogram of 2,3-dimethylhydroquinone 1b in the absence and presence of 3a and 3b in the absence of 2,3-dimethylhydroquinone (curves a-c, respectively). In this figure, curve a shows the well defined redox peaks for 2,3-dimethylhydroquinone. 29, 30) The oxidation of 1b in the presence of 3a was studied in some detail (Fig. 5, curve b) . Under this condition two new peaks A 2 and C 0 appear, the A 1 peak current increase and the cathodic counter part of A 1 peak, C 1 decrease. The irreversible peak A 2 that appears at more positive potentials (Fig.  5, curves b, c) is related to the electrochemical oxidation of 3a, and increasing of current in A 1 (Fig. 5, curve b) correspond to the electrochemical oxidation of 1b and intermediate 4c simultaneously. Intermediate 4c is oxidized as soon as produced in this potential. In this voltammogram the C 0 peak is related to the reduction of intermediate 5c. The decrease of C 1 peak current indicates the reactivity of 2b toward the intramolecular Michael addition with 3a. It seems that proportionally to augmentation of the potential scan rate, the height of C 1 peak increase (Fig. 6, curves a-f) . A similar situation is observed when the concentration of 3a to 1b decreased. In this figure, the anodic peak A 2 corresponds to the oxidation of 3a. The current function for the A 1 peak (I p A1 /n 1/2 ), changes with an increasing the scan rate (Fig. 6, curve g ). On the other hand, a plot of peak current ratio (I p C1 /I p A1 ) versus the scan rate, appearing as an increase in the height of the cathodic peak C 1 at higher scan rates (Fig. 6, curve h) .
According to the electrochemical data, controlled-potential coulometry result that shows 4e
Ϫ consumption per each molecules of 1b and spectroscopic data of the final products 6c and d, we propose a pathway in Chart 3 with an ECEC mechanism for the electrooxidation of 1b in the presence of 3a.
Based on our results, it seems that intermolecular Michael addition in 3a to p-benzoquione 2b and subsequent intramolecular Micheal addition in 5c lead to 6c as the final product. Also, as shown by Chart 3, interamolecular Michael addition of 5c (Eq. 3) is faster than cyclization reaction (Eq. 4), leading to the product 6cЈ. Similar results were obtained for the oxidation of 1b in the presence of 3b and 6d was obtained as final product.
Experimental
Apparatus and Reagents All chemicals (2-amino-4-chlorophenol, 2-aminophenol, hydroquinone, 2,3-dimethylhydroquinone), phosphate salts, phosphoric acid and solvents were reagent grade materials from E-Merck. These chemicals were used without further purification. Apparatus that used in this study were the same as our previous works in this field. 29, 30) Electrochemical Synthesis of 7a and 9b Aqueous solutions of 100 ml of 0.2 M phosphate buffer (pH 7.2) was pre electrolyzed at chosen potentials (see Table 1 ) in an undivided cell. Then 1 mmol of hydroquinones (1a or 1b) and 2 mmol of nucleophiles (3a or 3b) were added to the cell. Initially the current density was 2 mA/cm 2 and the electrolysis was terminated when the decay of the current became more than 95% the process was stopped during the electrolysis several times and the graphite anode was ultrasounds in acetone to wash the precipitates on the surface of the electrode and to reactive it. At the end of electrolysis, a few drops of phosphoric acid were added to the solution and the cell was placed in room temperature overnight. The precipitated solids were collected by filtration and were washed several times with water. After washing, products were characterized by IR, 
Conclusions
In conclusion, the results of this work show that hydroquinone 1a is oxidized to its respective p-benzoquinone 2a. The formed p-benzoquinone is attacked by 3b via an ECE-CECC electrochemical mechanism, including two intermolecular Michael addition reaction of 3b and two parallel or sequential intramolecular cyclization followed by two parallel or sequential elimination of H 2 O, converts to symmetric and highly conjugated diphenoxazine 9b as the final product. We observed an interesting diversity in the mechanisms and products of reaction of p-benzoquinone 2a and other electrochemically generated p-quinone 2b with 3a and 3b. Contrary to the hydroquinone 1a in the presence of 3b, in the case of hydroquinone 1a in the presence of 3a, the final product 7a is a p-quinone derivatives of phenoxazine that was obtained via an ECECE mechanism, after consumption 6e Ϫ per molecule of 1a via inter-and intramolecular Michael addition reactions and overoxidation of the intermediate 6a, and in the case of 2,3-dimethylhydroquinone 1b in the presence of 3a and 3b, the final products 6c and 6d were obtained via an ECEC mechanism, after consumption 4e Ϫ per molecule of 1b via inter and intramolecular Michael addition reaction. 
